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© A light source (810) comprising a source of 
radiation such as a single-electrode distributed feed- 
back semiconductor laser diode is frequency modu- 
lated by direct current modulation with no pre-equal- 
ization or pre-distortion of the signal, and the optical 
signal is coupled to and carried by an optical fiber 
(622) to a remote location. At the remote location, an 
Ol optica! discriminator (626) such as a fiber Fabry- 
^ Perot interferometer can be used for both channel 
selection where more than one channel is being 
<5f carried by the optical fiber and for covering the 
^frequency modulation signal of each channel to an 
amplitude modulated signal. The ampiitude modu- 
OOlated signal can be detected by a direct detection 
^receiver (628). In those instances where signal en- 
chancement is required, such as in long-haul ligh- 
Q twave transmission systems, an optical amplifier 
in (624) can be substituted for the normally mandatory 
regenerator located at the repeater stations. 
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FSK OPTICAL COMMUNICATION SYSTEM 



Background of the Invention 



1 . Field of the Invention 

This invention relates to frequency shift key 
(FSK) modulation optical communication systems. 



2. Description of the prior art 

Optical communications systems are currently 
of commercial importance because of their ability 
to carry large amounts of information. Optical com- 
munication systems normally have a light source 
optically coupled to a photodetector via an optical 
fiber. Systems presently in use carry information at 
rates which are in excess of 100 Mbits/sec and, it 
is believed that future systems will carry informa- 
tion at very much higher rates. 

For the higher transmission rates and greater 
distances between the light source and the 
photodetector, the light source currently preferred 
by those skilled in the art is a semiconductor laser 
diode. These diodes are relatively compact and 
can emit radiation with a relatively narrow spectral 
width in the wavelength regions presently of great- 
est interest Diodes can now be fabricated having 
both single transverse and single longitudinal mode 
output. Such diodes are commonly referred to as 
single frequency lasers. These diodes are desirable 
in many applications because they, for example, 
maximize light coupled into the fiber and, at the 
same time, minimize the deleterious aspects of the 
fiber chromatic dispersion. Chromatic dispersion 
may broaden the light pulse which results in limit- 
ing the attainable bit rate and distance between the 
source and the photodetector. If either the bit rate 
or the distance between the source and the 
photodetector becomes too great, adjacent light 
pulses will overlap as a result of fiber dispersion 
and information will be lost. Normally, to avoid a 
loss of information due to dispersion, one or more 
regenerators will be inserted in the fiber between 
the source and the photodetector. The regenerator 
reconstructs the broadened, stretched-out light 
pulse into a more clearly defined light pulse. 

Although a variety of modulation techniques 
are available, present systems normally use inten- 
sity modulation of the laser output to convey in- 
formation. That is, information is conveyed by vari- 
ation in the intensity of the light output from the 
laser. This system is normally referred to as Am- 
plitude Shift Keying (ASK) System. 

However, other modulation techniques offer 
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specific advantages over intensity or amplitude 
shift keyed modulation. For example, higher trans- 
mission rates are possible with frequency modula- 
tion than are possible with intensity modulation for 

5 at least two reasons. First, the combination of the 
inherent frequency modulation or intensity modula- 
tion response with RC parasitics results in a more 
efficient high frequency response with frequency 
modulation than with intensity modulation. Second, 

io the roll-off in response above resonance is slower 
for frequency modulation than for intensity modula- 
tion. 

Moreover, direct intensity modulation of a 
semiconductor laser becomes increasingly difficult 

75 as the bit rate increases. Direct intensity modula- 
tion means that the intensity of the light output is 
varied by varying the current through the laser. 
This type of modulation has at least three problems 
which become significant at high bit rates. First, 

20 current modulation sufficient for intensity modula- 
tion causes large changes of the semiconductor 
laser diode wavelength which broadens the spec- 
tral width of the emitted radiation. This effect is 
commonly termed chirp and can be as large as, for 

25 example, 0.5nm (five Angstroms). Chirp is often 
undesirable during intensity modulation because of 
the dispersive properties of the fiber. Second, in- 
tensity modulation of a laser requires a large 
amount of current, typically more than 60 mA 

30 which must be rapidly switched on and off. This 
switching becomes more difficult as the bit rate 
increases. Third, unless special precautions are 
taken, many single frequency lasers cannot be fully 
intensity modulated because of laser mode hop- 
es ping - the laser output shifts from one longitudinal 
mode to another. This is commonly referred to as 
the "extinction ratio penalty". 

Because of these reasons, alternatives to direct 
intensity modulation have been considered. One 

40 alternative commonly contemplated is the use of 
an external modulator positioned adjacent to the 
laser which might be. for example, an integrated 
optic modulator. The laser emits radiation continu- 
ously and the desired intensity modulation is sup- 

45 plied by signals to the modulator which vary light 
absorption within the modulator. Potentials normally 
greater than ten volts are often required for efficient 
operation of external modulators currently contem- 
plated for use at high frequencies. The voltages 

so required generally increase as the frequency in- 
creases. Additionally, there is the problem of ob- 
taining simple, efficient, high speed modulators. 
There is also the additional problem of signal loss 
which results from the coupling between the laser 
and modulator as well as between the modulator 

2 
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and the optical fiber. 

Another approach uses coherent optical tech- 
niques which require frequency locking two oscilla- 
tors separated by an intermediate frequency (IF). 
While high sensitivity is obtained, locking the os- 
cillators together can be difficult as they may be at 
diverse locations which can be as far as 100 km 
apart. In addition, processing of the IF signal adds 
complexity to the receiver. 

Brief description of the invention 

In the invention as claimed conversion from 
frequency modulation to amplitude modulation is 
carried out in the optical domain. 

In the system to be particularly described, a 

/■ light source comprising a source of radiation such 

as a single-electrode distributed feedback semicon- 
ductor laser diode is frequency modulated by di- 
rect current modulation with no pre-equalizatlon or 
pre-distortion of the signal, and the optical signal is 
coupled to and carried by an optical fiber to a 
remote location. At the remote location, an optical 
discriminator such as a fiber Fabry-Perot inter- 
ferometer can be used for both channel selection 
where more than one channel is being carried by 
the optical fiber and for converting the frequency 
modulated signal of each channel to an amplitude 
modulated signal. The amplitude modulated signal 
can be detected by a direct detection receiver. In 
those instances where signal enhancement is re- 
quired, such as in long-haul lightwave transmission 
systems, an optical amplifier can be substituted for 
the normally mandatory regenerator located at the 
repeater stations. In those instances where several 

* - s frequency modulated channels are wavelength di- 
vision multiplexed onto a single fiber path, a single 
optical amplifier can be used to replace all the 
regenerators at a repeater station. 

Brief Description of the Drawing 

In the attached drawing: 

FIG. 1 is a schematic representation of a 
frequency modulated system embodying the inven- 
tion; 

FIG. 2 illustrates a plot of the spectrum of 
the output signal of a frequency modulated semi- 
conductor laser superimposed on the plot of the 
transmission spectrum of a Fabry-Perot interfero- 
meter used to demodulate the signal; 

FIG. 3 is a plot of the eye diagram of the 
demodulated signal, and 

FIG. 4 is a schematic representation of a 
multiple channel WDM system embodying the in- 
vention. 



Detailed Description 

A frequency-shift keyed modulated light trans- 
mission system embodying this invention, is sche- 

5 matically depicted in FIG. 1. FIG. 1 illustrates an 
optical transmission system in which a single un- 
stabilized laser is coupled to transmit an FSK sig- 
nal along an optical fiber to a remote location 
where the received FSK signal is demodulated to 

10 an ASK signal by a fiber Fabry-Perot interferometer 
and the ASK output of the fiber Fabry-Perot inter- 
ferometer is detected by an optical detector. Refer- 
ring to FIG. 1, the light source comprises a semi- 
conductor laser diode 610 and means 612 for shift- 

75 ing the frequency of said diode in accordance with 
information received on line 614. One realization of 
means 612 is modulation of the injection current to 
the laser. The modulation current is varied to obtain 
the desired frequency shift. The laser diode has an 

20 active region 616 in which electrons and holes 
recombine radiactively. The frequency modulated 
beam from the laser is indicated as 618 and is 
incident upon and passes through two Faraday 
isolators 620 which provide over 60 dB optical 

25 isolation. The optical signal then passes through an 
optical fiber transmission path 622, an optical am- 
plifier 624, if required, and an optical discriminator 
which may be selectively variable such as a Fabry- 
Perot interferometer 626. A direct detection re- 

30 ceiver 628 is coupled to receive and detect the 
optical signal which passes through the Fabry- 
Perot interferometer. The Fabry-Perot interfero- 
meter can be frequency-locked to the frequency of 
one of the logic levels, for example logic "1", of 

35 the frequency shift keyed signal by means of a 
feedback control 630 coupled between the Fabry- 
Perot interferometer and the direct detection re- 
ceiver 628 to maximize receiver photocurrent. 

The laser is a single-electrode distributed feed- 

40 back laser diode which, when in its active state, 
generates a single longitudinal mode. In operation, 
the laser is biased well above threshold and the 
current drive to the laser to shift the frequency to 
effect Frequency-Shift Keyed modulation is typi- 

45 cally much smaller than that which is required for 
Amplitude-Shift Keying modulation which drives the 
laser from a high bias level down to or near thresh- 
old. The reduction in drive requirements for FSK 
modulation is very significant at very high bit rates 

so because high-speed, high-power laser driver cir- 
cuits are difficult to fabricate. In addition, the small 
drive required for FSK modulation provides a rela- 
tively compact laser spectrum which helps to mini- 
mize the problems of fiber chromatic dispersion 

55 and makes efficient use of the frequency spectrum 
for Wavelength Division Multiplexing (WDM). 

Typically, FSK modulation signals used in het- 
erodyne configurations are electronically demodu- 
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lated. However, FSK modulation signals can also 
be optically demodulated by converting the signals 
to baseband ASK signals and then using a conven- 
tional direct-detection receiver. This is an advan- 
tage because, with a coherent system, heterodyne 
detection of high bit rate signals requires large 
intermediate frequencies and associated wideband 
electronics. 

In operation, a single-electrode Distributed 
Feedback (DFB) laser diode was frequency modu- 
lated by direct current modulation with no pre- 
equalization at bit rates of 2 Gb/s, 4 Gb/s and 8 
Gb/s. The data were optically demodulated at the 
receiver using Fabry-Perot interferometers. The in- 
sertion loss of the Fabry-Perot interferometers used 
was less than 0.25 dB. 

Semiconductor injection lasers normally have a 
non-uniform frequency modulation response which 
is caused by competition between thermal modula- 
tion and carrier modulation effects. Non-uniform 
frequency modulation response is not desirable 
because it results in pattern dependent errors. It is 
common to compensate for non-uniform frequency 
modulation response by using a passive network to 
pre-equalize the modulation signal. Unfortunately, 
this solution usually results in relatively small fre- 
quency modulation response -on the order of 100 
MHz/mA - and, therefore, increased drive require- 
ments. Multiple electrode lasers typically have a 
flat frequency modulation response which is nor- 
mally less than 1 GHz and, therefore, are not 
practical for very high data rates. 

The above noted problems can be avoided by 
using a laser that has a relatively large linewidth 
enhancement factor « (alpha). Lasers having a 
large linewidth enhancement factor have large 
linewidth power products, some as high as 500 
MHz mW. Large a results in large carrier-mediated 
frequency modulation responses, for example, up 
to 2 GHz/mA. A large frequency modulation re- 
sponse provides a double benefit. One benefit is 
that the drive requirements are small. The other 
benefit is that the frequency modulation response 
remains substantially flat to very low frequencies. 
One such laser diode is a single-electrode distrib- 
uted feedback laser diode. 

Referring to FIG. 2, there is illustrated, as spec- 
trum curve 740, an example of the optical spec- 
trum of a signal Frequency Shift Keyed at a data 
rate of 2 Gb/s using a 2 23 -1 pseudorandom word 
length. The resultant spectrum 740 consists of two 
peaks 724 and 744. The first peak 724 can be 
assigned to represent a logic "zero", and the sec- 
ond peak can be assigned to represent a logic 
"one". The peak-to-peak current drive required was 
approximately 4 mA and resulted in only about 7% 
amplitude Modulation. 

Superimposed on the Frequency modulation 



spectrum curve 740 is the transmission response 
746 (95% peak transmission) of a 650 um-long 
Fabry-Perot interferometer with a mirror spacing of 
650 um which is used to demodulate the signal, 
s The bandpass of the Fabry-Perot interferometer or 
cavity is approximately 7GHzFWHM. The bandpass 
of the Fabry-Perot interferometer, as represented 
by the transmission response curve 740. will pass 
the second frequency content 744 and block the 

io first frequency content 742. Thus, the Fabry-Perot 
interferometer converts the FSK signal to an ASK 
signal by passing ail signals which are representa- 
tive of a "one" and blocking all signals which are 
representative of a "zero". 

75 It is to be noted that the method of converting 

the received FSK signal to an ASK signal by the 
Fabry-Perot interferometer varies slightly depend- 
ing on whether the variation of the frequency be- 
tween the "ones" and the "zeros" of the FSK 

20 signal is relatively large or small. In the case of a 
small frequency variation, conversion to an ASK 
signal is obtained by moving the FSK signal up 
and down the side of a discriminator curve. In the 
embodiment of FIG. 1: the deviation of the fre- 

25 quency between the "ones" and "zeros" of the 
FSK signal is sufficiently wide to provide two in- 
dividual peaks. Conversion to an ASK signal is 
obtained by passing the peaks which represent the 
"ones" and blocking the peaks which represent the 

30 "zeros". By small deviation, it is meant that the 
deviation of the frequency, the differential of fre- 
quency between the "ones" and the "zeros" (t d ) 
divided by the modulation frequency or bit rate (B) 
is normally small; on the order of unity. The de- 

35 viation is considered to be wide when the relation- 
ship 




is equal to or greater than one. To optimize the 
number of channels (N) in a frequency division 
multiplexed system, the relationship 



50 

should be approximately 3.2. A direct detection 
receiver coupled to detect the optical signal passed 
by the Fabry-Perot interferometer can generate 
clearly distinguishable "zeros" and "ones". 
55 in Electronics Letters , Vol. 21 . pp. 504-505, J. 

Stone discussed a Fabry-Perot design in which the 
cavity was an optical fiber waveguide with mirrored 
ends. The free spectral range of the resulting cav- 
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ity is determined by the length of the fiber seg- 
ment, and accordingly different free spectral 
ranges can be obtained by using fibers of different 
lengths. The cavity can be "tuned" over one free 
spectral range by changing the cavity optical 
length by one-half of the wavelength value of the 
light entering the cavity. In this way the cavity can 
be "tuned" to resonate at, and therefore transmit, 
light of different wavelength values. To obtain such 
tuning, the cavity length can be changed by means 
of an exemplary piezoelectric element attached to 
the fiber, which, when activated, will stretch the 
fiber and increase the associated cavity optical 
length accordingly. 

A tunable Fabry-Perot in which the cavity com- 
prises a fiber portion and a non-waveguiding gap 
portion is disclosed in EP-A-0300 640. 

Referring to FIG. 3,there is illustrated an oscil- 
loscope trace of the resultant eye diagram of the 
demodulated signal. The horizontal axis corre- 
sponds to time at 150 picoseconds/div. The vertical 
axis corresponds to the output power incident on 
the direct detection receiver. An examination of the 
curves of FIG.3 will reveal that no degradation due 
to non-uniform Frequency Modulation response at 
low frequencies is evident. 

Referring to FIG.4 there is illustrated an expan- 
sion of the system of FIG.1, illustrating two sepa- 
rate channels. In this system, an optical coupler 
(i.e. optical star network, a frequency selective cou- 
pler, or the like) can be included to enable the two 
laser diodes to transmit over a common optical 
fiber. 

The light sources comprise two laser diodes, 
950.954, each operating at a distinct frequency, 
and means 956,958 for shifting the frequency of 
the associated diode in accordance with informa- 
tion received on lines 960,962. Means 956,958 
includes both the bias and modulator currents. The 
modulation current is varied to obtain the desired 
frequency shift. The frequency modulated beam 
from laser 950 is indicated as 964 and is incident 
upon and passes through two Faraday isolators 
968. The frequency modulated beam from the laser 
954 is indicated as 966 and is also incident upon 
and passes through two Faraday isolators 970. The 
Faraday isolators provide the desired optical isola- 
tion. The beams 964,966 are then coupled to a 
single optical fiber, either passively by means of a 
beam splitter, a star coupler or directional coupler 
971 or by a frequency selective device. The two 
optical signals traverse transmission path 972 and, 
if required, an optical amplifier 974. A 3dB coupler, 
a star coupler or any other beam splitting means 
976. located at the receiving end of the optical fiber 
is coupled to pass a portion of the frequency 
modulated optical beam to a first Fabry-Perot inter- 
ferometer 978 and the remainder of the WDM 
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optical beam to a second Fabry-Perot interfero- 
meter 980. Direct detection receivers 982.984 are 
coupled to receive and detect the desired optical 
signals which pass through their associated Fabry- 

5 Perot interferometers. The Fabry-Perot interfero- 
meters are frequency-locked to the logic "one" of 
the frequency shift keyed signals by means of a 
feedback control 986,988 coupled between the 
Fabry-Perot interferometer and the direct detection 

to receiver to maximize receiver photocurrent. In op- 
eration, the lasers 950 and 954 each generate 
distinct non-interfering wavelengths and the Fabry- 
Perot interferometers are designed to pass only the 
wavelength of interest from its associated laser. 

is Referring further to FIG. 4. when a multiplicity 

of laser diodes are used, it may be desirable to use 
passive star couplers, or frequency selective cou- 
plers for the beam splitting means 971 ,976. In this 
instance, a passive single mode star coupler or 

20 frequency selective coupler can provide network 
access to a multiplicity of users well in excess of 
one hundred. Using frequency-division multiplex- 
ing, each active user pair can be assigned one of a 
number of optical carrier frequencies for a session 

25 to provide the frequency-division- multiple-access 
(FDMA) network. It has been determined that chan- 
nel spacing (f c ) can be as low as 6.4B for a single 
fiber Fabry-Perot and 3B for two fiber Fabry-Perot 
in tandem, where B is the bit rate, with negligible 

30 power penalty. In addition, the laser linewidth (f e ) 
should be <0.1B. A network using two 45-M bits/s 
frequency-shift-keyed laser channels at 1 .5 urn and 
having a minimum channel spacing of about 6 
times bit rate B operated satisfactorily with a single 

35 fiber Fabry-Perot. If a tandem Fabry-Perot cavity is 
used, then channel spacing can be reduced to 
approximately 3 times bit rate B. See Electronics 
Letters , Vol. 23, No. 21, pp. 1102-1103 (October 8. 
1987) by I. P. Kaminow, et al. 

40 Estimates show that a network having 1000 

users, independent of bit rate, is possible with a 
tandem fiber Fabry-Perot cavity. For B = 1G bit/sec 
per channel the network capacity can be 1 T bit/s. 
The number of channels which are possible for 

45 a single Fabry-Perot can be expressed as 




where F is finesse value of the single Fabry-Perot. 

The number of channels which are possible for 
a tandem Fabry-Perot of substantially equal length 
55 can be expressed as 
N = 0.01 1F 2 

where F is the effective finesse of the two Fabry- 
Perots; 

5 
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and, the number of channels which are possible for 
a tandem Fabry-Perot of substantially different 
lengths can be expressed as 
N = 0.03F 2 

where F is the effective finesse of the two Fabry- 
Perots. 

Derivation of the above noted relationship are 
more fully expressed in the Journal of Lightwave 
Technology ,^!. 6, No. 9, pp. 1406-1414 (Sept 
1988) by I. P. Kaminow et al. 

Thus, there is disclosed a transmission system 
which comprises Frequency-Shift Keying modula- 
tion in combination with optical (incoherent) de- 
modulation using a Fabry-Perot interferometer. 
Clearly, with Frequency-Shift Keying Modulation, 
the semiconductor laser is not turned off-and-on 
and, therefore, the power of the signal being trans- 
mitted is relatively constant. Thus, as the power of 
the signal being transmitted is relatively constant, it 
is now possible to use an optical amplifier 974 in 
place of several regenerators at a repeater station 
for amplifying the multipliciry of wavelength di- 
vision multiplexed signals being transmitted. As 
noted above, with Amplitude Shift Keying modula- 
tion, the signal being transmitted goes from a mini- 
mum value - usually zero - to a relatively large 
value. Optical amplifiers will give rise to cross talk 
between the various channels when the signal is 
Amplitude Shift Key modulated. However, in the 
optical Frequency Shift Keyed modulation trans- 
mission system here disclosed, the optical signal 
being transmitted does not exhibit large variations 
of power. Therefore, and particularly if several sys- 
tems are wavelength division multiplexed onto a 
single fiber path, an optical amplifier can be used 
in place of the many regenerators at the various 
repeater stations. Specifically, the savings in cost 
per repeater station can be substantial. In addition, 
if it proves feasible to place optica! amplifiers at all 
repeater stations in a given route, adding capacity 
to such a route will require adding only additional 
terminals with terminal generation operating at dif- 
ferent wavelengths; repeater stations remain un- 
changed. Thus, even if the optical amplifier were to 
cost the same as the regenerator, a savings will be 
realized. 

Thus, with the constant intensity modulation 
system here disclosed, that being the use of Fre- 
quency Shift Keying modulation of lasers and 
Fabry-Perot interferometer for channel selection 
and/or Frequency Shift Keying to Amplitude Shift 
Keying at the receiver - not at the transmitter - it is 
now possible to have a system which can operate 
with substantially reduced laser modulation drive 
current; has the ability to replace regenerators with 
optical amplifiers: and provides more precise con- 
trol of the spectrum of the optical beam. 

Furthermore, in the case of a transmission sys- 



tem where normally several wavelength division 
multiplexed channels are transmitted, each with a 
distinct but fixed frequency, it is possible to use 
frequency selective couplers to multiplex and de- 
s multiplex channels with substantially less loss than 
would be obtained if a non-frequency selective 
coupler, such as a star coupler, were used. 



io Claims 

1. An optical communication system compris- 
ing 

a single frequency laser (610,950), 

15 modulator means (612,958) coupled to frequency 
modulate the optical signal from said laser and 
an optical fiber (622,972) for transmitting the modu- 
lated optica] signal from said laser to a remote 
location, CHARACTERISED BY 

20 means (626,978) coupled to said optical fiber at 
said remote location for demodulating the transmit- 
ted frequency modulated optical signals to am- 
plitude modulated signals. 

2. An optical communication system in accor- 
25 dance with claim 1 wherein said single frequency 

laser comprises a single contact single frequency 
semiconductor laser. 

3. An optical communication system in accor- 
dance with claim 2 wherein said laser comprises a 

30 single contact distributed feedback laser diode. 

4. An optical communication system in accor- 
dance with any of the preceding claims including 
an optical receiver (628,982) coupled to receive the 
amplitude modulated signal from said demodulator. 

as 5. An optical communication system in accor- 

dance with claim 4 including feedback control 
means (630,986) interposed between sad de- 
modulating means and said optical receiver to help 
maximize receiver photocurrent. 

40 6. An optical communication system in accor- 

dance with any of the preceding claims wherein 
said demodulator is a Fabry-Perot interferometer. 

7. An optical communication system in accor- 
dance with claim 6 wherein said Fabry-Perot inter- 
ns ferometer is a fiber Fabry-Perot. 

8. An optical communication system in accor- 
dance with clam 6 wherein said Fabry-Perot inter- 
ferometer is a tandem fiber Fabry-Perot. 

9. An optical communication system in accor- 
50 dance with any of the preceding claims including 

an optical amplifier (624) at said remote location 
coupled to amplify the frequency modulated optical 
. signal. 

1 0. An optical communication system as 
55 claimed in any of the preceding claims comprising 

a second single frequency laser (954) 
a second frequency modulator (958) means coup- 
led to frequency modulate the optical signals from 
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said second single frequency laser, 
the optical fiber (972) being arranged for transmit- 
ting the frequency modulated optical signals from 
the first said laser and the second laser to the 
remote location, and 

a second demodulation means (980) coupled to 
said optical fiber at said remote location for de- 
modulating the optical signals from said second 
laser. 
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© FSK optical communication system. 



© A light source (610) comprising a source of 
radiation such as a single-electrode distributed feed- 
back semiconductor laser diode is frequency modu- 
lated by direct current modulation with no p re-equal- 
ization or pre-distortion of the signal, and the optical 
CO signal is coupled to and carried by an optical fiber 
^ (622) to a remote location. At the remote location, an 
^ optical discriminator (626) such as a fiber Fabry- 
^ Perot interferometer can be used for both channel 
CO selection where more than one channel is being 
r carried by the optical fiber and for covering the 
00 frequency modulation signal of each channel to an 
W amplitude modulated signal. The amplitude modu- 
O ,ated signal can be detected by a direct detection 
n receiver (628). In those instances where signal en- 
m hancement is required, such as in long-haul ligh- 
twave transmission systems, an optical amplifier 
(624) can be substituted for the normally mandatory 



regenerator located at the repeater stations. 
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